The combination of metal modified SBA-15 catalyst with potassium iodide was developed as heterogeneous dual catalysts for chemical fixation of CO2 to cyclic carbonates. It was observed that the binary Zn-SBA-15/KI catalysts were the most efficient among various metal modified SBA-15/KI catalysts and showed excellent synergetic effect in promoting the reaction under mild conditions. Moreover, the effects of reaction parameters on cycloaddition of CO2 with propylene oxide (PO) to propylene carbonate (PC) were optimized. Under the optimal conditions determined, Zn-SBA-15/KI catalytic system was also versatile to CO2 cycloaddition with other epoxides.
Introduction
Carbon dioxide, one of the undesired greenhouse effect gases, is an abundant, inexpensive, and non-toxic renewable C1 resource and so the development of efficient catalytic process for CO2 transformation into value-added products is a challenging and practically important task.
1 One of the most promising strategies is the catalytic synthesis of cyclic carbonates via 100% atom-economical coupling reactions of CO2
and epoxides (Scheme 1), 2 since it represents a much greener alternative to the traditional phosgene process, and the cyclic carbonates have found several potential applications ranging from polar aprotic solvents to intermediates in the manufacture of fine chemicals. In the past few decades, various homogeneous and heterogeneous catalysts have been developed for the cycloaddition of CO2 to epoxides, including metal-oxides, 4 Nheterocyclic carbenes, 5 metal-salen complexes, 6 ammonium or phosphonium salts, 7 metal-organic frameworks, 8 alkali metal salts, 9 and ionic liquids. 10 It is worth mentioning that the alkali metal salt of KI is one of potential catalyst components, which is cheap, nontoxic, abundant, and easily recyclable, although it is much less active by itself. The concurrent use of KI and other components, such as cellulose,
11
C60 fullerenol, 12 amino acid, 13 lignin 14 and Fe3O4@Fe(OH)3, 15 give enhanced catalytic activity for the coupling reaction of CO2 and epoxides. However, the activity observed so far is not satisfactory and high CO2 pressure and temperature are still necessary. 16 It is suggested that surface hydroxy groups and/or Zn sites on solid catalysts act as Lewis acid sites, which may activate the epoxide then facilitate its ring opening.
17
After considering those previous results, the present work has been undertaken to -4- design active catalysts for the cycloaddition of CO2 to epoxides through synergistic effects of hydroxyl groups and Zn sites on SBA-15 and a co-catalyst of KI. The authors prepared several metals (Zn, Fe, Ni, Co) modified SBA-15 samples cooperating with KI as binary catalysts and applied these catalysts for the selective coupling of CO2 and epoxides into cyclic carbonates under mild conditions. The combination of Zn-BA-15
and KI was observed to be the most effective, and then the preparation and reaction conditions were optimized for the catalyst system. The designed binary catalyst system (Zn-SBA-15/KI) has been found to give satisfactory results involving epoxide conversion and cyclic carbonate selectivity under milder conditions (80 ºC, 1 MPa CO2) compared to the newly reported heterogeneous catalytic systems, such as ceria and lanthanum doped zirconia (170 ºC, 7.0 MPa), 18 g-C3N4/SBA-15 (150 ºC, 3.5 MPa), 19 MCM-41 immobilized imidazole bromide (140 ºC, 4.0 MPa), 20 amino/ hydroxyl-rich graphitic carbon nitride (130 ºC, 3.5 MPa) 21 and zinc-coordinated conjugated microporous polymer (120 ºC, 3.0 MPa) 22 (detailed conditions and comparison will be given later in Table 4 ). In addition, the recyclability of our catalyst system was examined for a selected coupling reaction of CO2 and propylene oxide (PO). Possible reaction mechanisms and catalytic actions over Zn-SBA-15/KI and SBA-15/KI were also contrastively elucidated via a model calculation based on the density functional theory (DFT) method. (M/Si = 0.15). Hence, the metal species added were highly dispersed on the surface of SBA-15 for Zn but not for the other metals (Fe, Co, Ni).
Results and discussion
-6- For Zn(0.15)-SBA-15 sample, the pore structure was examined by N2 adsorption and TEM. As shown in Fig. 3 , its N2 adsorption-desorption isotherm was of type IV curve with H1 hysteresis loop, which evidenced its ordered mesoporous structure. The BET surface area, pore diameter, and pore volume were determined to be 517 m 2 g -1 , 7.5-11.0 nm, and 0.81 cm 3 g -1 , respectively. Compared with pristine SBA-15, 29 it was observed that both the surface area and pore volume of zinc modified SBA-15 decreased, indicating zinc species were successfully dispersed on the surface of SBA-15. A TEM image (Fig. 3C ) clearly showed the long-range channel ordering. It should be mentioned again that the Zn additive was highly dispersed on the surface of SBA-15 and its mesoporous structure remained unchanged for a sample containing a larger amount of Zn (Zn/Si = 0.15). These structural features would be beneficial to the target coupling reaction of CO2 and epoxides.
-7- Zn species consumed all the silanol groups on SBA-15. 29 Additionally, a reaction run was made at a higher temperature of 120 ºC, at which a high PC yield of 98% was achieved in a shorter reaction time of 2 h (entry 13). indicate that an equivalent-mass mixture of Zn(0.15)-SBA-15 and KI catalyst components (1:3 molar ratio of zinc species to KI) was optimal for the synthesis of PC via coupling of CO2 and PO.
-10- 
(c) Effects of reaction parameters
Using the most active Zn(0.15)-SBA-15/KI catalysts with an optimized loadings, the PC synthesis was studied at different temperature, CO2 pressure and time to optimize these reaction variables. Table 3 shows a significant impact of temperature on the PC yield (entries 1-5). A higher temperature was better for a higher PC yield in the range of 50-80 ºC, at which the selectivity to the desired product of PC was almost perfect.
Further raising temperature to 90 ºC was insignificant, comparable high PC yields of 96% and 98% being obtained at 80 ºC and 90 ºC.
A PC yield of 81% was obtained at a CO2 pressure of 0.5 MPa (entry 6) and it was enhanced to 96% at a higher pressure of 1.0 MPa (entry 4). And no significant positive effect was observed by further raising the pressure up to 2.0 MPa (entries 7, 8). Because -11-when CO2 pressure is raised, CO2 molecules as reactant are more likely to dissolve into the substrate (PO) phase, which will cause positive impact on the coupling of PO and CO2. However, when further raising the CO2 pressure up to 6.0-7.0 MPa, an obvious negative influence appeared (entries 9, 10), which could be explained that the dissolved adjacent supercritical CO2 molecules act as a diluent, and the dilution of the epoxide and catalysts likely contributed to the drop in reaction rate and gave a negative impact. 30 The positive impact should be more significant at low CO2 pressure while the negative impact at high pressure. Under the conditions used, a low CO2 pressure of 1.0 MPa is sufficient for the synthesis of PC.
Furthermore, the change of PC yield with time was examined under the optimized reaction conditions (entries 4, [11] [12] [13] [14] . The coupling of CO2 and PO went smoothly with time and the reaction was almost completed within 9.0 h with the perfect selectivity to PC (entry 4), and further prolonging the reaction time resulted in uncompetitive product yield (entry 14). Theoretically speaking, the soluble part of KI co-catalyst can also be recycled by vacuum distillation of the formed cyclic carbonate, and integrated into the recycled system to participate in the next round, but not make ends meet. To understand the recyclability and stability of the Zn-SBA-15/KI catalytic system, an amount of fresh KI equivalent to the soluble amount (about 20% of the initial amount of KI) was added to control the preset total amount of Zn-SBA-15 and KI to 0.1 g, the same high PC yield as observed in the first run appeared again. No additional Zn-SBA-15 was needed, which suggested no leaching of zinc species.
-14- 
(e) Cycloaddition of CO2 to various epoxides
The versatility of our binary Zn-SBA-15/KI catalytic system was further studied by applying for the coupling reaction of CO2 with different epoxides. Table 5 shows that four terminal epoxides were successfully transformed to their corresponding cyclic carbonate products over Zn(0.15)-SBA-15/KI under the optimum conditions (entries 1-4). The conversion rate of styrene oxide that having a large phenyl ring was smaller, with a product yield of 84% (entry 4), due to its steric hindrance compared to the other ones (entry 1-3). For a disubstituted epoxide of cyclohexene oxide, a low product yield of 36% was obtained even at a higher temperature of 120 °C and a longer reaction time of 12 h although the selectivity to the cyclic carbonate was perfect (entry 5) similar to the other epoxides. 
Possible reaction mechanisms
The selective synthesis of cyclic carbonates via coupling of epoxides and CO2 can be achieved with Zn-SBA-15 catalyst in the presence of co-catalyst of KI, as abovementioned. The optimum molar ratio of Zn against Si was 0.15, at which surface hydroxyl groups on SBA-15 almost disappeared (Fig. 1) . The relative amounts of Zn-SBA-15 and KI were also important and their equivalent-mass (1:3 molar ratio of zinc species to KI) mixture was optimum. As the O atom of Zn-SBA-15 (or SBA-15)
catalyst undergo electrostatic interaction with the K + cation, 36 molecule is regarded as adsorption on the O1 rather than coupling with PO in IntA-3. From the proposed mechanism combined with minimum energy path derived from DFT calculation, we conclude that the major difference which can be found between zinc and without zinc modified catalysts is the coupling mode of CO2 (IntB-3 vs. IntA-3). Metal content of the samples was determined by inductively coupled plasma optical emission spectrometer (ICP-OES) analysis using a PerkinElmer 8300 instrument.
Synthesis of cyclic carbonate from epoxides and CO2
The reaction experiments were carried out in a 50 mL high pressure stainless-steel autoclave equipped with a magnetic stirring bar. In a typical run, the autoclave was firstly purged with CO2 (99.99% purity, Harbin Qingha) to remove air and loaded with 0.10 g catalysts (0.05 g Zn-SBA-15 and 0.05 g KI). Then, 2.0 g (34.5 mmol) of PO (Aladdin Chemical Co.) was charged into the autoclave. The autoclave was heated to the required temperature (80 ºC in most cases) and CO2 was introduced to a pressure of 1.0 MPa. After reaction, the autoclave was cooled to 0 ºC in an ice-water bath and depressurized slowly and carefully. The reaction mixture was centrifuged to recover the solid catalysts and the products were analyzed on GC (Agilent 7890A) equipped with a capillary column (Agilent 19091J-413) using flame ionization detector. In addition to PO, other epoxides were also tested, including 1,2-epoxybutane, epichlorohydrin, styrene oxide and cyclohexene oxide (Aladdin Chemical Co.). The catalyst recyclability was also examined for the coupling of CO2 and PO. The catalyst samples (Zn-SBA-15, KI) were recovered and separated by centrifuge after the first run, dried at 60 ºC under vacuum, and then reused for the second run. The KI co-catalyst was partially soluble in the product of propylene carbonate, causing a slight loss in the weight of KI in the solid catalyst recovered. So, some amounts of fresh KI were added to control the total amount of the catalyst system at 0.10 g.
Computational details
SBA-15 and Zn-SBA-15 clusters are modeled on the basis of the previous literature, 41 as shown in Fig. 8(a) and (b), respectively. In Zn-SBA-15 model, the zinc replaces the two hydrogens of hydroxyl. DFT calculation was performed using GAMESS program. 42 B3LYP function was chosen to optimize the geometries and calculate the energies of the reactants, intermediates, transition states and products. The 6-31G(d)
basis set was applied for hydrogen (H), carbon (C), oxygen (O), silicon (Si), potassium -25-(K) and zinc (Zn) atoms, and Lanl2dz basis set was used to describe iodine (I) atom.
The corresponding harmonic vibration frequency calculations were also evaluated at the B3LYP/6-31G(d) level of theory to verify the local minima points of the potential energy surface with all the positive frequencies and saddle points with one imaginary frequency. The intrinsic reaction coordinate (IRC) method was used to construct the minimum energy path (MEP). Finally, the 6-311++G(d,p) basis set was performed to improve the reaction potential energies, and zero-point energy (ZPE) was also taken into account. 
Conclusions
The selective production of cyclic carbonates via cycloaddition of CO2 to epoxides can be achieved with a composite catalyst system of Zn-modified SBA-15 and KI under milder conditions (80ºC, 1 MPa, solvent-less) as compared to previous works in the literature ( Table 4 ). The desired cyclic carbonates are obtained in a selectivity of 99% for several epoxides examined including propylene oxide, 1,2-butene oxide, 
